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INTRODUCTION
The mechanical design and processing optimization of semicrystalline polymers lie mostly on the knowledge of the strength and stiffness of these materials. Therefore, it is essentially important to establish mathematical models relating the microstructure of semicrystalline polymers to its effective mechanical properties. The semicrystalline polymer is considered herein as a two-phase material with a spherulitic morphology, where each spherulite is composed of crystalline plates located radially and separated by an amorphous domain. However, the proposed modeling can be applied to morphologies other than the spherulitic one.
For the modeling of the effective mechanical properties of the semicrystalline polymers, different theories have been proposed throughout the last half century. For instance, Ward [1] considered the semicrystalline polymer as a single-phase aggregate in which the anisotropy arises through the orientation of the anisotropic unit structure. To predict the tensile modulus parallel and perpendicular to the draw direction, Takayanagi et al.
[2] developed a micromechanical model in which the crystalline and the amorphous phases are considered as two alternating distinct regions. Based on the spherulitic morphology of semicrystalline polymers, Ahzi et al. [3, 4] considered a two-phase composite inclusion model where the two phases consist of a crystalline lamellae and neighboring amorphous domain, with an infinite planar interface. With these 1 This article was submitted by the authors in English.
assumptions, new bounds and a self-consistent approach were developed and have been used to predict the mechanical properties of polyethylene. Recently, Guan and Pitchumani [5] showed that the self-consistent model developed by Walpole [6] is not efficient in predicting the elastic constants of isotropic polyethylene.
There exist several micromechanical models that could be used for computing the effective elastic properties of heterogeneous materials and a review of these approaches can be found in the book by Nemat-Nasser and Hori [7] . In the present work, we discuss the application of some of these to simulate the effective elastic constants of the fully isotropic and the transverse isotropic transcrystalline polyethylene (PE). The models considered herein are based on the work of Mori and Tanaka [8] , Benveniste [9], Hori and Nemat-Nasser [10], Ponte Castaneda and Willis [11] , and Ahzi et al. [3, 4] . To the best of our knowledge, we note that this is the first time that the Double-Inclusion model of Hori and Nemat Nasser [10] and the Mori-Tanaka model and its generalized form [8, 9, 11] are used to predict the effective elastic properties of semicrystalline polymers.
The considered material is polyethylene with a spherulitic morphology leading to a macroscopically isotropic mechanical response. In a second application, we also consider anisotropic PE (transcrystalline PE). The transcrystalline PE consists also of a spherulitic morphology with cylindrical spherulites leading to orthotropic anisotropy. The results from the proposed Abstract -In this paper, we discuss the application of different micromechanical composite models to compute the effective elastic properties of semicrystalline polymers. The morphology of these two-phase materials consists of crystalline lamellae and amorphous domains which may form a spherulitic microstructure. The selected models are the Mori-Tanaka type models, the Double-Inclusion models, and the Self-Consistent models. We applied these composite estimates to both fully isotropic and transverse isotropic transcrystalline polyethylene. The results from these different models are compared to the experimental results for different crystallinities. The Generalized Mori-Tanaka (GMT) model and the models are compared to experimental ones for the case of isotropic PE.
Comparison of Micromechanical Models for the Prediction of the Effective Elastic Properties of Semicrystalline
LOCAL MATERIAL PROPERTIES
The material parameters needed for these simulations are the elastic constants of the amorphous and the crystalline phases. The elastic constants of the PE amorphous phase are assumed isotropic with a Poisson ratio ν = 0.49 and a shear modulus G a = 0.1 GPa as reported by Gray and McGum [12] . Regarding the crystalline phase, the elastic constants are computed by Zehnder et al. [13] for polyethylene crystals using atomistic simulations. These elastic constants are expressed in the orthonormal axis of the orthorhombic unit cell of PE crystals as follows:
In our simulations the crystalline phase of PE is considered entirely orthorhombic, which is mostly the case of PE obtained by the slow cooling process of melted polymer [14] . An important assumption made in the proposed modeling is to neglect the effect of molecular weight, which controlled the volume fraction of the crystalline phase. However, as we estimate an effective Young modulus at different crystallinities (from 0 to 100%), it is unnecessary to consider this parameter in our models.
GENERAL BACKGROUND: A SINGLE INCLUSION EMBEDDED IN A HOMOGENEOUS MATRIX.
Consider a single inclusion (denoted by I ) with an elasticity tensor C I embedded in a homogeneous matrix (denoted by M ) with an elasticity tensor C M (see Fig. 1 ). The overall elasticity tensor of the two phase compos- , relates the macroscopic stress tensor S to the macroscopic strain tensor E via Hooke's law:
(1)
The macroscopic stress tensor S and strain tensor E are equal to the volume average of the local stress field tensor s ( S = 〈 s 〉 V ) and of the local strain field tensor e ( E = 〈 e 〉 V ) , respectively. The total volume average of the stress tensor 〈 s 〉 V and of the strain tensor 〈 e 〉 V may be expressed linearly as a function of the individual volume average of the inclusion and the matrix stress tensors ( 〈 s 〉 I and 〈 s 〉 M ) and strain tensors ( 〈 e 〉 I and 〈 e 〉 M ), respectively.
where f I is the volume content of inclusions. In what follows, the stress and strain fields in the inclusion are assumed uniform ( 〈 s 〉 I = s I and 〈 e 〉 I = e I ). We also assume that the local stress and strain tensors of the inclusion ( s I and e I ) and of the matrix ( 〈 s 〉 M and 〈 e 〉 M ) satisfy Hooke's law:
where S α (= ) is the compliance tensor (here α = M , I ). We note that f I and f M are, respectively, the volume fractions of the inclusion and the matrix.
The fourth order strain and stress concentration tensors A I , B I are now introduced to relate, respectively, the inclusion strain tensor e I and stress tensor s I to their corresponding macroscopic fields: where I is the fourth order identity tensor. 
